Background. Previous studies have established that antibody titer measured by the hemagglutination-inhibiting (HAI) assay is correlated with protection against influenza virus infection, with an HAI titer of 1:40 generally associated with 50% protection.
The classic study by Hobson et al in 1972 [1] and more recent studies [2] [3] [4] have established that antibody titer measured by the hemagglutination-inhibition (HAI) assay is correlated with protection against influenza virus infection, with an HAI titer of 1:40 generally associated with 50% protection against infection compared to HAI titers <1:10. One of the immunogenicity criteria for licensure of new vaccines is that at least 70% of vaccine recipients achieve postvaccination HAI titers ≥1:40 [5, 6] . Moreover, there are few studies exploring the correlation of other measures of humoral immunity, such as from viral-neutralization assays, with protection against influenza virus infection in community settings [7] [8] [9] .
The objective of our study was to estimate the protection conferred by different antibody titers against influenza virus infection during household outbreaks, when there is defined exposure to influenza virus infection. Based on a prospective study of transmission of influenza A virus in households in Hong Kong conducted in the influenza seasons of 2008 and 2009 [10, 11] , we assessed the degree of protection against influenza virus infection associated with specific HAI and microneutralization (MN) assay titers.
METHODS

Study Subjects
Our study was conducted from January through September 2008 and from January through August 2009 in Hong Kong. During these periods of influenza virus circulation, we recruited subjects that presented to outpatient clinics with acute respiratory illness within 48 hours of onset of illness, and lived in a household with at least 2 other persons. Index cases with positive influenza A or B results on a QuickVue Influenza A + B rapid diagnostic test (Quidel, San Diego, CA) were further followed up along with their household contacts. Daily symptoms for index cases and all household contacts were recorded in symptom diaries. Pooled nasal and throat swabs were collected from all household contacts regardless of whether each person was ill via home visits within 48 hours of enrolment, and at 2 additional follow-up home visits approximately 3 and 6 days after the initial visit. Serum samples were collected at the initial home visit from a subgroup of index cases and household contacts that consented to venipuncture. From January 2008 through August 2009, subjects were recruited as part of a trial of face masks and hand washing; cases subsequently recruited in the summer of 2009 were followed up without random allocation to interventions as part of a comparative study of pandemic and seasonal influenza virus transmission in households. Additional details of the study design were previously reported [10, 11] . Only households in which the index case had polymerase chain reaction (PCR)-confirmed influenza virus infection were included in the present analyses.
Laboratory Methods
Nasal and throat swabs were tested by a quantitative reversetranscriptase PCR assay to detect the presence of the matrix gene of influenza A or B virus. The subtype of the influenza virus in PCR-positive specimens was determined by 
Statistical Analysis
We defined household contacts to have PCR-confirmed influenza virus infection if they had a positive result on testing of 1 or more pooled nasal and throat specimens collected during the follow-up. We defined the illness onset time for PCR-confirmed influenza virus infection as the first day when the subject reported at least 2 of the following 7 signs or symptoms: runny nose, cough, sore throat, headache, phlegm, myalgia, and fever [12] .
To characterize influenza transmission dynamics within households and estimate the effects of factors affecting transmission, we used an individual-based hazard model [13, 14] . The model described the risk of PCR-confirmed infection among household contacts as depending on time since illness onset in other infected persons in the household. We extended the model to allow a time-varying risk of influenza virus infection from outside the household, by assuming that the risk from outside was directly proportional to influenza incidence rates in the general community, proxied by local surveillance data [15] [16] [17] , and estimating the constant of proportionality for each subtype.
We used this model to estimate the serial interval distribution, allowing for infections from outside the household ("community infections") or infections via other household contacts rather than the index case ("tertiary infections"). We estimated the protection associated with certain antibody titer levels within the transmission model. Age and vaccination status were considered as confounders in the relationship between antibody titer level and risk of PCR-confirmed influenza virus infection, and were adjusted accordingly. We also estimated the agespecific relative susceptibility from this transmission model by comparing the average hazard of household contacts who were 18 years of age or younger (who were above 50 years of age) to that of household contacts who were 19-50 years of age (Supplementary Appendix). The same approach was used to estimate the age-specific vaccine effectiveness. To account for household contacts with missing data on antibody titers and retain all available data on transmission dynamics in our analysis, we performed our statistical analysis in a Bayesian framework and constructed a Markov Chain Monte Carlo algorithm [18] that allowed us to impute missing antibody titer levels based on the estimated individual posterior distribution of the antibody titer level for every individual. Simulation studies demonstrated that this algorithm could give unbiased parameter estimates (Supplementary Appendix). The reduction in risk of PCR-confirmed influenza virus infection associated with higher antibody titer levels, defined as 1 minus the hazard ratio, was estimated relative to the hazard at an antibody titer level <1:10 [4, 19, 20] . We assumed a log-linear model to estimate the relationship between protection against influenza infection and antibody titer [3, 4] . Other models (including logistic and nonparametric models) were also fitted to determine whether the results were robust with respect to model selection (Supplementary Appendix). The deviance information criterion was used for the comparison of models [21] . The adequacy of model fit was assessed with simulation-based χ 2 tests, comparing observed and expected distributions of the number of secondary cases in households of different sizes [13] . All statistical analyses were conducted using R version 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria) and MATLAB 7.8.0 (MathWorks Inc, Natick, MA).
RESULTS
A total of 4279 potential index cases consented to participate in the study and met the inclusion criteria. We focused our analysis on the households of index cases with PCR-confirmed seasonal ( prepandemic) influenza A(H1N1) or seasonal influenza A(H3N2) virus infections because the numbers of cases with PCR-confirmed seasonal B and pandemic A(H1N1)pdm09 virus infections were insufficient to allow robust parameter estimates. In 139 households, the index case had PCR-confirmed influenza A that was not subtyped; none of the household contacts in those 139 households provided serum specimens, and data from those households were not included here. In total, 182 index cases with PCR-confirmed seasonal A(H1N1) and 115 index cases with PCR-confirmed seasonal A(H3N2) were included in our analyses ( Figure 1 ). These subjects were recruited from January 2008 through August 2009, during 4 local influenza A virus epidemics (Figure 2 ). In the households of these 297 index cases, 146/558 (26%) household contacts of the index cases with seasonal A(H1N1) and 52/337 (15%) household contacts of the index cases with seasonal A(H3N2) provided serum specimens. We compared the characteristics of seasonal A(H1N1) and seasonal A(H3N2) index cases and their household contacts in 297 households (Table 1 ). Index cases with seasonal A(H1N1) were on average significantly younger than those with seasonal A(H3N2) (P < .01, χ 2 test). The proportion of vaccinated household contacts with seasonal A(H3N2) was slightly higher than that of vaccinated household contacts with seasonal A(H1N1). Other characteristics of household contacts were similar for index cases with seasonal A(H1N1) and those with seasonal A(H3N2) virus infection. Adjusting for age and prior receipt of vaccination, higher antibody titers against the influenza A subtype identified in the household index case were statistically significantly associated with a reduction in the risk of PCR-confirmed infection in household contacts (Figure 3 ). HAI titers of 1:40 against seasonal A(H1N1) and A(H3N2) were associated with 31% (95% credible interval, confidence interval [CI], 13%-46%) and 31% (CI, 1%-53%) protection against PCR-confirmed seasonal A(H1N1) and A(H3N2) virus infection, respectively, while a MN titer of 1:40 against A(H3N2) was correlated with 49% (95% CI, 7%-81%) protection against PCR-confirmed A(H3N2) virus infection. We estimated that the level of HAI titers against seasonal A(H1N1) and A(H3N2) that were associated with 50% protection against PCR-confirmed seasonal A(H1N1) and A(H3N2) virus infection were 1:255 (CI, 1:62-1:917) and 1:260 (CI, 1:30-1:2009), respectively, while the level of MN titer against seasonal A(H3N2) that was associated with 50% protection against PCR-confirmed seasonal A(H3N2) virus infection was 1:42 (CI, 1:7-1:266). We estimated that household contacts who were 18 years of age or younger were more susceptible to PCR-confirmed influenza virus infection by a factor of 1.85 compared to those who were 19-50 years of age for PCR-confirmed seasonal A(H1N1) infection (relative susceptibility, 1.85; 95% CI, 1.18-2.90; P = .004) and by a factor of 2.75 for PCR-confirmed seasonal A(H3N2) infection (relative susceptibility, 2.75; 95% CI, 1.53-4.87; P < .001). We also estimated that household members who were older than 50 years of age were less susceptible than those who were 19-50 years of age for PCR-confirmed seasonal A(H1N1) infection (relative susceptibility, 0.17; 95% CI, .04-.45; P < .001) but there was no significant difference for PCR-confirmed seasonal A(H3N2) infection (relative susceptibility, 0.62; 95% CI, .20-1.54; P = .134) ( Figure 4A ). We estimated that the mean serial intervals for seasonal A(H1N1) virus and seasonal A(H3N2) virus were 2.7 days (95% CI, 2.3-3.4) with a standard deviation of 1.0 days (95% CI, .7-1.7), and 2.6 days (95% CI, 2.2-3.5) with a standard deviation of 0.8 days (95% CI, .4-1.9), respectively ( Figure 4B) .
We estimated that the vaccine effectiveness for household members who were 18 years of age or younger for seasonal A(H1N1) and A(H3N2) were 67% (95% CI, 16%-90%) and −43% (95% CI, −158%-25%) respectively. The vaccine effectiveness for household members who were 19 years of age or older for seasonal A(H1N1) and A(H3N2) were 70% (95% CI, 23%-91%) and −35% (95% CI, −138%-30%), respectively ( Figure 4C ). The risk of infection within the household for household contacts for seasonal A(H1N1) virus for children, middle-age adults, and older-age adults was 14.1% (95% CI, 7.8%-23.7%), 7.7% (95% CI, 4.4%-12.1%), and 1.3% (95% CI, .3%-4.0%), respectively. We also estimated that the risk of infection for seasonal A(H3N2) virus for children, middle-age adults, and older-age adults was 13.6% (95% CI, 5.4%-30.2%), 5.4% (95% CI, 2.2%-12.2%), and 3.2% (95% CI, .8%-10.7%), respectively ( Figure 4D ).
Our statistical model included a time-varying term for the risk of infection of household contacts from outside the household, where the pattern in risk over time was assumed to be proportional to the pattern in influenza activity shown in local surveillance data and we estimated the scaling factor (Supplementary Appendix). The estimates of the cumulative risk of seasonal A(H1N1) and A(H3N2) virus infections across 3 separate periods of increased influenza activity in Hong Kong in 2008-2009 based on the fitted model are shown in Table 2 . Our results suggested substantial risk of infection during each of the 4 epidemics, particularly among children.
We performed a simulation study to confirm that our estimation procedure was able to estimate the model parameters Figure 4 . Factors affecting household transmission and the household serial interval. A, Estimates of the relative susceptibility of household contacts who were <19 years of age and of those who were >50 years of age (compared to the reference group of contacts who were 19-50 years of age). B, Serial interval distributions estimated under the transmission model, accounting for tertiary and community infections. C, Age-specific estimates of vaccine effectiveness against infection for household contacts. D, Age-specific risk of infection for household contacts, including the risk of secondary and tertiary transmission and infection from outside the household.
despite having a substantial amount of missing data on antibody titers (Supplementary Appendix). We also conducted sensitivity analyses to verify that our key findings on the protection against infection associated with certain HAI titers was robust to the modeling assumptions and the relationship assumed between HAI titers and protection, and also the additional adjustment for any interventions that some households were randomly allocated to (face masks or hand washing) in the transmission model (Supplementary Appendix).
DISCUSSION
While data from experimental challenge studies and observational studies in community settings found that 50% protection against influenza infection associated with an HAI titer of 1:40 compared to an HAI titer < 1:10 was approximately 50% [1] [2] [3] , we found that the degree of protection against infection associated with a titer of 1:40 appeared to be considerably less than 50% in the household setting (Figure 3) . One possible explanation for this observation is that influenza virus infections in a household index case result in more intense exposures among susceptible household contacts [22] [23] [24] . Recently, 1 study estimated low vaccine effectiveness among household contacts of index cases with influenza and proposed a similar explanation [25] . While there can be some degree of variability between laboratories in HAI titer measurements on the same samples [26] , we conducted one of the other studies identifying a correlation between a titer of 1:40 and 50% protection using the same HAI assays in the same laboratory [4] . Another possible explanation for this observation is that attenuated viruses with less pathogenicity, compared to viruses in natural setting, were used in experimental challenge studies [1] .
We demonstrated that the MN titer was also correlated with protection against seasonal influenza A(H3N2) virus infection. While antibody titers measured by MN may not be directly compared with those measured by HAI, our results on the protection associated with HAI and MN titers suggest that an MN titer of 1:42 is equivalent to an HAI titer of 1:260 for people with naturally acquired seasonal A(H3N2) influenza virus infection. This is consistent with a previous study that found that HAI titers are significantly higher than corresponding MN titers for people with naturally acquired pandemic A(H1N1) influenza infection [9] . However, 1 previous study found that MN titers were higher on average than the corresponding HAI titers [7] for people with naturally acquired pandemic influenza A(H1N1) virus infection, and this is inconsistent with our observation that HAI titers are generally higher than corresponding MN titers. Possible explanations include that the relationship between HAI titers and corresponding MN titers may be different for different influenza virus strains [27] and that there may be variability in MN assay results conducted in different laboratories [26] . Our study is one of the first studies in a natural setting to demonstrate that the MN titer correlates with protection.
We found that the estimated risks of infection from both community and household for children were higher than for adults ( Figure 4 ). While one of the explanations for higher susceptibility among children was that children had lower antibody titers on average, age remained a significant predictor of risk of infection after accounting for antibody titer. Explanations for this include a greater intensity of exposure for children due to closer contact with the index case [28] , and perhaps lower hygiene standards. In addition, antibody titers measured by HAI or MN may not fully capture the strength of immunity against infection. Our estimates of the serial interval distributions ( Figure 4) were consistent with results from other studies [29, 30] , and slightly shorter than earlier estimates from subsets of these data [10, 31] after accounting for tertiary transmission in this model.
Our estimates of the vaccine effectiveness for seasonal A(H1N1) were consistent with other observational studies [32] and higher than one other recent study in households [25] . We assumed that the risk of infection from outside the household was directly proportional to influenza incidence rates reflected in local surveillance data, and estimated the constant of proportionality for each subtype in our model. The estimates here reflect the cumulative incidence across 3 specific influenza seasons, where influenza seasons were defined using a method previously described [16] .
However, the estimated vaccine effectiveness for seasonal A(H3N2) was suboptimal (Figure 4) . Whereas the index cases with A(H1N1) were predominantly recruited in the months of January and March 2009 shortly after the seasonal influenza vaccination campaigns in October-December each year in Hong Kong, the majority of the index cases with A(H3N2) were recruited in the months of June-August 2009 ( Figure 2 ) and vaccine effectiveness could have waned after this longer delay [33, 34] . In addition, there was an imperfect match between the vaccine strain A/Brisbane/10/2007(H3N2)-like, and the circulating antigenically drifted A/Perth/16/2009-like (H3N2) viruses in our study period [10, 11, 35] . While the design of our study with a relatively short duration of follow-up of households allowed us to focus on the risks of within-household transmission, we were also able to make inference on the risk of infection from the general community in our analysis ( Table 2) . We do not have any other estimates of the risk of infection in 2008 for comparison, but we did conduct a separate community-based cohort study in 2009, and estimated that the cumulative risk of seasonal influenza A(H1N1) was 21% (95% CI, 9%-32%) in children in the winter of 2009 [35] , similar to the estimate of 23.9% (95% CI, 14.5%-36.3%) here.
Our study had a number of limitations. First, index cases were recruited from outpatient clinics and these patients were screened for influenza virus infection by using a rapid test. Index cases therefore had more serious illness that warranted medical attention, and had higher levels of virus shedding required for a positive result on a rapid test [36] . If more severe illness was associated with greater infectiousness, then our estimated risk of infection within households may be overestimated. Second, our analysis controlled for age and vaccination, which were considered as potential confounders, when we estimated the association between antibody titer and risk of influenza virus infection. However, we could not rule out the risk of unidentified confounders. Third, in our study, the duration of follow-up was from 7 to 12 days after illness onset in the index case, hence it was possible that some secondary cases with long serial intervals or some tertiary cases were missed. However, with average serial intervals below 3 days, the effect of such censoring should be minimal. In addition, we collected 3 home visits at 3-day intervals, and nose and throat swabs were collected during the home visits. It was therefore possible that some PCR-positive infections were missed if the peak viral shedding occurred between these visits. Finally, we did not perform antigenic characterization of each virus detected in our study, and we used the same HAI assays in 2 consecutive years during which the vaccine strains remained the same. It is possible, therefore, that there was a mismatch between the antibody titers measured in household contacts and the circulating viruses.
In conclusion, we demonstrated that an HAI titer of 1:40 was not sufficient to provide 50% protection against PCR-confirmed influenza virus infection in households, potentially because of exposures of greater duration or intensity in that confined setting. We also demonstrated that MN titers were statistically significantly correlated with protection against infection. Further work could examine how information on HAI titers and MN titers could be combined to provide a better immune correlate than the HAI or MN titer alone.
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